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propagation  medium  and  operates  largely  in  the  LF  band.  Potential  for  interference 
to  an  aeronautical  radio  compass  operationing  in  the  190-535  kHz  aeronautical  radio¬ 
navigation  band  exists.  The  purpose  of  this  work  was  to  examine  that  potential  for 
interference. 

Laboratory  measurements  of  radio  compass  receivers  were  made.  These  results 
indicate  that  44  to  54  dBu  of  undesired  signal  or  an  undesired-to-desired  signal 
ratio  of  4  to  10  dB  was  required  to  cause  measurable  radio  compass  bearing  errors, 
depending  on  the  type  of  receiver. 

An  airplane  equipped  with  a  spectrum  analyzer/data  recording  system  was  used  to 
make  power  line  carrier  radiation  measurements  over  two  selected  power  lines  in 
Tennessee.  The  results  indicate  that,  for  the  limited  measurements  taken,  radio 
compass  bearing  errors  could  be  caused  by  power  line  carrier  radiation  for  an  inject 
ed  carrier  power  of  4  W.  The  distance  and  height  dependence  of  the  power  line  car¬ 
rier  radiation  is  discussed.  (C. 
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POWER  LINE  CARRIER  RADIATION 


AND 

THE  LOW-FREQUENCY  AERONAUTICAL  RADIO  COMPASS 


William  A.  Kissick* 


The  power  line  carrier  is  a  telecommunication  technique 
widely  used  by  the  power  utilities  for  communication  and 
telemetry.  This  system  uses  the  power  lines  as  a  propagation 
mediun  and  operates  largely  in  the  LF  band.  Potential  for 
interference  to  an  aeronautical  radio  compass  operating  in  the 
190-535  kHz  aeronautical  radionavigation  band  exists.  Hie  purpose 
of  this  work  was  to  examine  that  potential  for  interference. 

Laboratory  measurements  of  radio  compass  receivers  were 
made.  These  results  indicate  that  44  to  54  dBu  of  undesired 
signal  or  an  undesired-to-desired  signal  ratio  of  4  to  10  dB  was 
required  to  cause  measurable  radio  compass  bearing  errors, 
depending  on  the  type  of  receiver. 

An  airplane  equipped  with  a  spectrum  analyzer/data  recording 
system  was  used  to  make  power  line  carrier  radiation  measurements 
over  two  selected  power  lines  in  Tennessee.  The  results  indicate 
that,  for  the  limited  measurements  taken,  radio  compass  bearing 
errors  could  be  caused  by  power  line  carrier  radiation  for  an 
injected  carrier  power  of  4  W.  The  distance  and  height  dependence 
of  the  power  line  carrier  radiation  is  discussed. 
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compatibility;  interference;  LF;  power  lines; 
radiation;  radio  compass 
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1 .  INTRODUCTION 


The  power  line  carrier  (PLC)  is  a  telecommunication  technique  used  by  the 
electric  power  utilities  for  voice  communication,  protective  relaying,  and 
general  supervision  of  the  power  system.  This  technique  is  favored  by  the 
utilities  due  to  its  high  inherent  reliability  and  economy.  This  is  due  to 
the  simple  fact  that  the  power  distribution  system  itself  is  the  propagation 
medium,  with  the  PLC  transmitters  and  receivers  coupled  to  the  lines  with 
matching  networks.  The  useful  frequencies  for  PLC  systems  are  the 
low-frequency  (LF)  and  medium-frequency  (MF)  bands  up  to  about  500  kHz. 
However,  the  LF  band  (30  to  300  kHz)  is  the  most  used  and  useful  frequency 
range . 

The  automatic  direction-finder  (ADF)  radio  compass  is  an  aeronautical 
navigation  aid  that  operates  in  the  LF  and  MF  frequency  ranges.  The  ADF  radio 
compass  makes  use  of  two  antennas:  a  pair  of  orthogonal  loops  and  a  separate, 
omnidirectional  "sense"  antenna.  With  some  signal  manipulation  the  desired 
output— the  direction  of  signal  arrival— is  obtained.  The  most  used  signal 
source  is  a  nondirectional  beacon  (NDB) •  The  beacons  are  operated  either  by 
the  airport  or  the  federal  Aviation  Administration  ( FAA) ,  and  those  not 
operated  by  the  government  are  licensed  by  the  Federal  Communications 
Commission  ( FCC) .  The  ADF  radio  compasses  operate  in  the  190-535  kHz 
aeronautical  radionavigation  band,  can  be  used  with  AM  radio  broadcastinq 
signals,  and  NDB' s  as  high  in  frequency  as  1715  kHz. 

With  the  PLC  systems  operating  in  the  same  frequency  bands  as  the  ADF 
systems,  one  can  readily  imagine  some  unacceptable  situations.  Several  plane 
crashes  in  Europe  appear  to  have  been  caused  by  ADF  navigation  errors  induced 
by  interfering  PLC  signals.  Investigations  of  several  plane  crashes  in  this 
country  have  considered  PLC  interference  to  be  a  possible  factor;  whether  or 
not  the  PLC  interference  was  a  factor  is  unknown.  Then,  too,  several 
complaints  about  ADF  performance  in  specific  areas  have  been  received  by  the 
FAA.  Naturaliy,  PLC  interference  is  considered  a  possible  reason. 

Some  of  the  observed  ADF  errors  may  indeed  be  due  to  the  power  lines,  but 
not  necessarily  to  the  PLC  radiation.  The  power  lines  and/or  towers  may  be 
reradiating  a  beacon  signal,  a  situation  of  several  apparent  sources.  In 
other  words,  poor  siting  of  an  NDB  could  produce  significant  bearing  errors  in 
the  ADF  radio  compass. 
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in  order  to  help  resolve  some  of  the  questions  the  preceding  discussion 
raises,  this  study  was  initiated  by  the  FAA.  It  is  not  well  known  how  the  ADF 
radio  compass  reacts  to  an  interfering  signal.  Then,  too,  it  is  not  well 
known  to  what  degree  the  PLC  signals  radiate  from  transmission  lines.  So,  in 
this  work,  we  first  studied  the  above  two  items:  the  ADF  receiver 
susceptibility  to  interference,  and  the  degree  to  which  PLC  signals  radiate. 
Hum  we  made  an  assessment,  based  on  the  information  collected,  of  the  degree 
to  which  PLC  systems  can  interfere  with  the  proper  operation  of  the  ADP  radio 
compass. 

It  should  be  emphasized  at  this  point  that  this  work  is  not  a 
comprehensive  study.  We  made  measurements  of  ADF  receiver  susceptibility,  but 
only  on  two  particular  receivers  and  not  all  types  of  signals  were 
considered.  Some  measurements  of  PLC  radiation  have  been  made  by  others  and  a 
few  theoretical  models  have  been  developed.  We  made  more  measurements  of  PLC 
radiation,  and  we  feel  that  these  are  a  significant  contribution  to  the 
knowledge  of  PLC  radiation.  The  theories  that  describe  the  propagation  of 
radio  frequency  (rf)  signals  along  power  lines  can,  in  general,  be  considered 
unrealistic  due  to  the  many  simplifying  assumptions.  They  are,  however, 
informative  in  a  qualitative  manner. 

As  stated  above,  this  work  was  initiated  and  supported  by  the  FAA,  more 
specifically,  by  the  Spectrum  Management  Branch  at  the  FAA  Systems  Research 
and  Development  Service  in  Washington,  D.C.  Measurements  of  the  ADF  receiver 
susceptibility  were  made  by  FAA  personnel  at  the  FAA  Aeronautical  Center  in 
Oklahoma  City.  Airborne  PLC  radiation  measurements  were  made  by  FAA  personnel 
from  the  National  Aviation  Facilities  Experimental  Center  ( NAFEC)  in  Atlantic 
City,  N.J.  The  aircraft  and  data  collection  instrumentation  were  also 
supplied  by  NAFEC.  The  power  lines,  ground  support,  and  instrumentation 
necessary  to  generate  specific  PLC  signals  with  various  coupling 
conf igurations  were  provided  by  the  Tennessee  Valley  Authority  (TVA)  in 
Chattanooga,  Tennessee,  the  responsibilities  of  the  Institute  for 
Telecommunication  Sciences  were  to  provide  the  measurement  plans,  reduce  the 
data,  and  perform  the  necessary  analyses--al 1  of  which  are  described  in  this 
report. 


2 .  BACKGROUND 


This  section  presents  more  detail  on  both  the  ADF  radio  compass  receivers 
and  the  PLC  systems.  The  principles  of  operation  of  both  systems  are 
described  and  references  are  provided  for  those  readers  needing  more  detail. 

2.1  The  LF  Radio  Compass 

The  LF  radio  ccmpass  is  a  radio  navigation  technique  that  falls  under  the 
general  heading  of  "direction- finding,"  hence  the  name,  automatic 
direction-finding  (ADF)  radio  compass  has  come  into  common  usage. 
Direction-finding  represents  the  earliest  and  most  basic  use  of  radio  for 
navigational  purposes.  The  radio  compasses  that  we  are  interested  in  for  this 
work  are  of  the  airborne  type  that  are  useful  in  the  frequency  range  of  about 
200  to  1700  kHz.  The  radio  compass  can  determine  the  direction  to  any 
transmitter  in  that  frequency  range.  As  we  described  in  the  Introduction,  the 
source  signal  is  usually  a  nondirectional  beacon,  but  could  just  as  well  be  an 
AM  broadcast  station. 

Tne  essential  output  of  an  ADF  radio  compass  is  the  direction  of  signal 
arrival  relative  to  the  aircraft  heading.  In  principle,  then,  all  that  is 
needed  is  a  rotatable,  directional  antenna.  However,  a  single  rotating, 
directional  antenna  with  sufficient  directivity  and  small  size  is  impossible 
to  build.  Hie  solution  is  to  make  use  of  the  nulls  in  the  pattern  of  a  simple 
loop  antenna.  The  loop  antenna  has  a  sufficiently  large  effective  area  and 
small  size  for  the  airborne  application.  The  following  paragraphs  will 
develop  the  principles  of  using  the  loop  antenna  in  the  ADF  system. 

Consider  a  simple  rotatable  loop,  and  assume  that  it  is  rotated  until  the 
incoming  signal  is  in  one  of  the  two  sharp  nulls.  The  direction  of  arrival  is 
then  in  the  plane  that  is  perpendicular  to  the  plane  of  the  loon.  There  is, 
however,  an  ambiguity  since  there  are  two  nulls.  The  ambiguity  can  be  removed 
by  using  an  omnidirectional  antenna  to  sense  the  phase  of  the  incoming  signal; 
this  antenna  is  usually  a  "tee"  antenna,  i.e.  a  top-loaded  vertical  element. 
Now,  the  loop  is  rotated  so  that  one  of  its  two  lobes  is  directed  at  the 
incoming  signal  and  the  phase  of  the  signal  received  by  the  loop  is  compared 
to  the  phase  of  the  signal  received  by  the  sense  antenna.  The  signal  received 
on  one  of  the  lobes  of  the  loop  pattern  will  be  in  phase  with  the  sense 
antenna,  and  the  signal  received  on  the  other  lobe  will  be  1B0°  out  of 
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phase*  One  simple  way  of  determining  which  lobe  of  the  loop  pattern  is 
receiving  the  signal  is  to  add  the  outputs  of  the  loop  and  sense  antennas 
The  loop,  sense,  and  combined  patterns  are  shown  in  Figure  1. 


PATTERN 
OF  SENSE 
ANTENNA 


Figure  1.  hoop,  sense,  and  combined  antenna  patterns  for  the  ADF  radio  compass 

It  is  not  necessary  to  rotate  the  loop  antenna  physically  in  order  to 
null  the  incoming  signal.  The  alternative  is  to  use  a  pair  of  fixed  loops 
placed  at  right  angles  to  each  other  and  connect  them  to  the  stator  windings 
of  a  goniometer.  The  goniometer  has  two  sets  of  stator  windings,  and  in  the 
magnet!'  field  of  these  windings  is  a  rotatable  loop  that  is  connected  to  the 
receiver,  'ttie  rotor  can  then  be  made  a  part  of  a  feedback  circuit  that 
automatically  determines  the  direction  of  signal  arrival.  More  information 
can  be  found  in  KSyton  and  Fried  (196^). 


2.2  ”riwr  Line  Carrier  Systems 

The  trenanission  of  electric  energy  from  the  production  plants  to  the 
load  centers  and  the  interconnection  of  both  plants  and  load  centers  requires 
a  complex  communication  and  control  network.  The  primary  purpose  of  the 


communication  network  is  to  provide  the  optimum  configuration  to  suit  the 
demand.  These  networks  require  extensive  telecommunication  facilities  for 
speech,  telemetering,  telecontrol,  and  protection  signals.  The  electric 
utilities  use  a  variety  of  techniques,  which  include  circuits  rented  from  a 
common  carrier  and  microwave  radio  links,  as  >*11  as  PLC.  the  technique 
chosen  for  any  circuit  is  a  function  of  the  information  bandwidth,  economics, 
and  various  technical  factors. 

One  of  the  needs  for  a  communication  circuit  is  for  the  transmission  of 
"protection"  signals.  The  protection  signals  control  the  automatic  operation 
of  circuit-breakers.  In  this  application,  it  is  often  necessary  to  exchange 
signals  at  a  high  speed  and  with  high  reliability  between  switching  stations 
already  linked  by  the  power  lines.  The  use  of  PLC  in  this  instance  is  ideal, 
since  the  power  lines  are  quite  reliable  mechanically. 

The  PLC  signals  may  be  propagated  along  the  lines  in  various  ways  (modes) 
such  as  between  one  conductor  and  the  earth.  Since  most  power  lines  carry  a 
three-phase  system  and  the  three  phases  are  often  arranged  asymmetrically,  the 
choice  of  conductor  or  conductors  is  a  function  of  the  efficiencies  of 
coupling,  attenuation,  and  radiation.  In  many  cases  the  power  line  towers 
support  two  three-phase  lines  as  well  as  one  or  tvro  ground  continuity 
conductors  for  lightning  and  fault  protection.  The  mutual  couplings  can  be 
quite  complex.  A  number  of  papers  have  been  published  that  describe  the 
theory  of  propagation  along  power  lines.  Some  of  these  papers  are:  Perz 
(1964),  Wedepohl  (1965),  Wedepohl  and  Wasley  (1966),  and  Ushirozawa  (1964). 

It  should  be  noted  that  these  papers  deal  with  the  characteristics  of  the  PLC 
from  the  application  engineering  point  of  view,  and  do  not  describe  the  RF 
fields  surrounding  the  lines. 

Consider  the  specific  case  of  a  single  three-phase  line  with  the 
conductors  disposed  horizontally,  i.e.  equally  spaced  and  running  side-by-side 
at  the  same  height  above  the  ground.  Hiis  case  has  been  studied  by  the 
Institute  for  Electrical  and  Electronic  Engineers  (IEEE)  Power  Line  Carrier 
Subcommittee  (Dobson,  1979).  There  may  be  two  shield  (ground)  wires  above  the 
power  conductors,  located  at  the  top  of  the  towers  and  grounded  to  them. 

There  are  three  important  modes  of  propagation  along  this  line: 

Model:  This  is  the  least  attenuated  of  the  modes.  It  has  current 

flowing  out  the  two  outer  phases  and  returning  on  the  center  phase. 


Mode  2:  Hiis  mode  has  current  flowing  out  one  of  the  outer  phases  and 
returning  on  the  other  outer  phase.  The  attenuation  for  this  mode  is 
greater  and  more  frequency  dependent  than  for  mode  1. 

Mode  3;  This  mode  has  equal  current  on  all  phases  with  a  ground 
return.  It  has  a  high  attenuation. 

A  typical  PLC  channel,  with  center  phase-to-ground  coupling  is  shown  in 
Figure  2.  In  this  drawing  are  the  basic  components  of  any  PLC  system:  the 
transmitter  and  the  receiver,  tuners,  coupling  capacitors,  and  line  traps. 

The  tuner  in  conjunction  with  the  coupling  capacitor  provides  for  impedance 
matching  between  the  transmitter  or  receiver  and  the  power  line.  The  coupling 
capacitor  blocks  the  high  voltage,  has  a  typical  capacitance  of  2000-4000  pF, 
and  is  a  physically  large  unit.  A  protection  circuit  is  usually  contained 
within  the  tuner  to  protect  the  transmitter  or  receiver  against  electrical 
surges  induced  by  lightning  or  other  transient  disturbances.  The  line  trap  is 
needed  to  minimize  PLC  signal  power  loss  into  the  substation  bus  or  in 
unwanted  directions  along  the  power  lines.  The  choke  coil  in  the  line  trap 
has  an  inductance  that  is  usually  in  the  range  of  100  pH  to  2  mH.  A  capacitor 
is  usually  placed  in  parallel  with  the  choke  coil  to  produce  a  parallel  tuned 
circuit. 

There  are  a  number  of  ways  to  effect  the  coupling  of  the  PLC  signal  to 
the  power  line;  these  include  the  following: 

*  center  phase-to-ground 

*  outer  phase-to-ground 
'  phase-to-phase 

*  "mode  1" 

■  intercircuit 
intrabundle 

Figure  2  is  an  example  of  the  first  of  these,  center  phase- to-ground.  Figure 
3,  then,  is  an  example  of  phase-to-phase  coupling.  There  is  a  scheme  using 
two  transformers,  three  tuners,  three  coupling  capacitors,  and  three  line 
traps  to  effect  a  current  injection  that  very  effectively  excites  mode  1 
propagation.  Intercircuit  coupling  uses  a  single  phase  from  each  of  two 
three-phase  lines  on  the  same  tower.  Intrabundle  coupling  car.  be  used  on 
those  lines  *4iere  each  phase  conductor  is  composed  of  several  closely  spaced 
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Figure  2.  Diagram  of  a  power  line  carrier  circuit  on  a  three-phase 
power  line  with  center  phase-to-ground  coupling. 
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Figure  3.  Diagram  of  adjacent  phaBe-to-phase  power  line  carrier  coupling 
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wires  (the  bundle).  Intrabundle  PLC  propagation  exhibits  very  low  attenuation 
due  to  the  close  spacing  of  the  conductors. 


The  mode  of  propagation  at  large  distances  ( several  tens  of  kilometers  or 
more)  is  nearly  always  the  least  attenuated  mode,  that  is,  in  the  case 
considered  here,  mode  1.  This  is  true  regardless  of  the  coupling  method, 
however,  the  different  coupling  methods  will  have  different  coupling 
efficiencies.  Most  simple  coupling  methods,  such  as  phase- to-ground  will 
excite  several  modes  of  propagation,  with  the  more  attenuated  modes  becoming 
less  significant  as  the  distance  from  the  transmitter  increases.  In  practice, 
the  phase-to-ground  and  the  phase-to-phase  coupling  methods  are  by  far  the 
most  commonly  used. 

3.  RADIO  COMPASS  RECEIVER  SUSCEPTIBILITY  MEASUREMENTS 

The  essential  purpose  of  these  laboratory  measurements  is  to  determine 
the  susceptibility  of  the  typical  ADF  radio  compass  receiver  to  an  interfering 
signal.  In  other  words,  we  wish  to  determine  the  nature  and  degree  of  the 
bearing  indication  error.  The  measurements  were  performed  on  only  two  ADF 
receivers,  so  the  results  should  not  be  considered  comprehensive.  However,  of 
the  two  receivers  chosen,  one  would  most  likely  be  used  by  commercial  aviation 
and  the  other  by  general  aviation.  The  former  unit  operates  with  a  goniometer 
as  described  in  section  2.1  and  is  designated  "receiver  A'  in  this  report. 

The  latter  unit  makes  use  of  an  electronic  circuit  to  replace  the 
goniometer.  It  is  designated  "receiver  B"  in  this  report. 

Measurements  were  made  to  examine  the  effects  of  the  undesired  signal 
arriving  from  the  same  or  a  different  direction  from  the  desired  signal.  The 
information  sought  was  the  bearing  error  as  a  function  of  the  undesired  signal 
level  and  freauency  separation  of  the  two  signals.  These  data  were  obtained 
by  holding  some  other  parameters  constant  for  each  measurement.  These 
parameters  are:  the  level  and  frequency  of  the  desired  signal,  the  modulation 
types  for  the  two  signals,  and  the  direction  of  arrival  for  the  desired  and 
undesired  signals.  Hie  bearing  error  is  defined  as  the  difference  in  the 
indicated  bearing  with  and  without  the  undesired  signal  present. 

Two  test  configurations  were  used:  one  for  the  case  where  desired  and 
undesired  signals  arrive  from  different  directions,  and  another  for  the  case 
where  they  arrive  from  the  same  direction.  Figures  4a  and  4b  are  the  block 
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diagrams  for  the  two  configurations.  The  values  of  the  parameters  used  for 
each  measurement  are  given  in  Table  la  for  the  configuration  of  Figure  4a  and 
in  Table  1b  for  the  configuration  of  Figure  4b.  As  shown  in  these  Tables,  a 
wide  range  in  the  desired  signal  level  was  used.  The  40  ^/m  at  200  kHz 
and  30  yV/m  at  400  kHz  are  the  minimum  required  signal  levels  as  specified  for 
receiver  A  by  the  manufacturer.  The  100,000  ^V/m  desired  signal  level  is  the 
specified  maximum  operating  level  for  receiver  A.  Two  types  of  desired  signal 
modulation  were  used:  CW,  continuous  wave  or  no  modulation;  and  MOW, 
modulated  continuous  wave  which  is  an  R0%  AM  modulation  with  a  1020  Hz  tone. 
The  MCW  modulation  simulates  the  presence  of  the  identification  code  on  the 
typical  NDB .  Two  kinds  of  undesired  signal  modulation  were  used:  CW  or  none 
and  FSK,  frequency  shift  keying  with  a  rate  of  75  baud  and  a  frequency  shift 
of  200  Hz. 

The  "antenna  simulator"  shown  in  Figures  4a  and  4b  is  a  device  designed 
to  provide  signals  to  the  loop  and  sense  antenna  ports  of  a  receiver  in  a 
manner  that  simulates  actual  reception  by  the  loop  and  sense  antennas.  Since 
proper  account  is  taken  of  antenna  and  transmission  line  efficiencies,  a  1 
input  signal  simulates  a  field  strength  at  the  antennas  of  1  ^V/m. 

The  standard  performance  tests  were  performed  on  both  receiver  A  and 
receiver  R  before  the  measurements  were  begun  to  ensure  that  the  receivers 
were  operating  as  specified. 

Figure  5  is  an  example  of  the  data  collected  for  each  measurement;  this 
particular  one  is  for  receiver  B,  measurement  no.  2.  Appendix  A  contains 
tables  of  the  data  for  each  measurement  and  graphs  for  those  measurements 
where  the  desired  and  undesired  signals  arrive  from  different  directions.  The 
results  are  discussed  in  detail  in  Section  6. 
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Figure  4a.  Bguipnent  configurations  used  to  measure  the  ADF  bearing  error  for  the  cases 
where  the  desired  and  undesired  signals  arrive  from  different  directions. 


Figure  4b.  Equipment  configurations  used  to  measure  the  ADF  bearing  error  for  the  cases 
where  the  desired  and  undesired  signals  arrive  from  the  same  direction. 


Beormg  Error  (degrees) 


Undesired  Signal  Level  (dBu) 


Undesind  to  Desired  Ratio  IdB) 


Figure  5.  Measured  bearing  error  for  ADF  receiver  B  as  a  function  of 

the  undesired  signal  level  and  the  frequency  separation  (^f) 
between  the  desired  and  undesired  signals.  The  desired  signal 
level  is  500  ^  v/ra  at  200  kHz  with  no  modulation.  The  undesired 
signal  is  unmodulated,  and  arrives  from  a  simulated  bearing  of  90°. 


4.  POWER  LINE  CARRIER  RADIATION 


The  aspect  of  PLC  systems  that  we  are  interested  in  for  this  work  is  not 
how  poorly  or  how  well  PLC  signals  propagate  along  power  lines,  but  how  much 
of  the  PLC  signal  is  present  in  the  airspace  above  the  power  lines.  The  PLC 
signal,  when  propagating  along  the  power  line,  can  be  viewed  as  a  guided  wave 
and  as  such  has  some  field  distribution  surrounding  the  power  line.  This  kind 
of  a  guided  wave  is  predictable  if  the  geometry  of  the  power  line  anil  its 
environment  (the  earth’s  surface  and  the  support  towers)  is  simple;  <*.g.. 
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conductors  at  all  times  parallel  to  a  planar  earth.  This  kind  of  an  analysis 
does  not  portray  the  real  world  very  well,  however.  The  point  we  wish  to  make 
is  this:  there  is  some  field  structure  due  to  the  guided  wave  nature  of  the 
propagation  and  there  is  some  radiation  due  to  the  departures  from  ideal 
geometry.  This  radiation  is  very  difficult  to  predict  and  may  be  the  dominant 
source  of  signal  in  the  airspace  above  the  power  line.  Note  that  there  can  be 
some  confusion  as  to  the  meaning  of  "PLC  radiation."  This  term  is  often  used 
to  mean  all  of  the  fields  that  surround  the  power  line  regardless  of  geometry 
and  distance.  Strictly  speaking,  PLC  radiation  ought  to  describe  only  those 
fields  that  will  propagate  independently  after  being  launched  by  the  power 
line.  These  radiated  fields,  then,  are  not  a  part  of  the  guided  wave  mode  of 
propagation . 

4.1  Propagation  and  Radiation  Theories 

In  this  subsection,  we  will  examine  the  theories  that  have  been  set  forth 
on  PLC  radiation  (actually,  PLC  propagation).  None  of  the  theories  account 
for  the  many  anomalies  in  geometry,  such  as  line  sag  and  bends,  but  they  are 
instructive  as  to  the  propagation  mechanisms  involved. 

One  of  the  most  recent  and  detailed  works  on  the  subject  is  by  Pullen 
(1975).  The  most  interesting  aspect  of  Pullen’s  derivation  is  an 
identification  of  the  induction  field  and  the  radiation  field.  He  states  that 
"These  two  components  are  not  separated  precisely  but  regions  in  space  are 
chosen  such  that  one  component  dominates  the  other."  In  his  development  he 
defines  the  two  regions  as  follows: 

"Region  1,  close  to  the  line  at  a  large  distance  from  the  origin 
(z>>r).  This  will  correspond  to  the  induction  field.  Region  2,  at 
a  large  distance  from  the  line.  This  will  correspond  to  the 
radiation  field." 

For  the  first  statement,  z  is  the  distance  along  the  semi- infinite  line  and  r 
is  the  transverse  distance  fran  the  point  on  the  earth's  surface  below  the 
line  to  the  observation  point.  So,  we  agree  that  Pullen's  induction  field 
solution  is  the  total  field. 

Pullen's  basic  assumptions  are  not  unlike  what  others  (Jensen,  1972; 


Gronlie,  1956)  have  done.  First,  it  is  assumed  that  the  power  line  conductors 
are  straight,  semi-infinite,  and  parallel  to  a  planar  earth.  Second,  it  is 
assuned  that  the  carrier  currents  flowing  in  other  phases  are  small  compared 
to  those  flowing  in  the  injected  phases.  Third  and  last,  it  is  assumed  that 
the  earth  is  perfectly  conducting.  Based  on  these  assumptions,  Pullen's  work 
is  interesting  to  us  because  he  has  calculated  the  field  strengths  for  a 
horizontally  disposed  three-phase  line.  Below,  in  Table  2,  are  his 
propagation  mode  definitions.  Pullen's  mode  3  is  the  same  as  the  IEEE  mode  1 
(see  section  2.2).  then,  in  Figures  6  and  7 ,  we  have  reproduced  Pullen’s 
results  for  the  three  modes. 


Table  2  PLC  Mode  Definitions  Used  by  Pullen 


MODE 

NUMBER 

RELATIVE  CURRENTS 

PHASE  A 

PHASE  B 

PHASE  C 

1 

1 

1 

1 

2 

1 

0 

-1 

3 

1 

-(2+5) 

1 

looking  at  Pullen's  results,  we  can  make  one  observation  readily;  the 

rate  at  which  the  fields  decrease  with  distance,  say,  beyond  100  m.  Pullen's 

1  2 

mode  1  has  the  slowest  decrease  with  a  /r  dependence,  his  mode  2  is  next 

with  a  */r^  dependence,  and  his  mode  3  shows  the  most  rapid  decrease  with  a 
1  4 

/r  dependence.  We  would  expect  this  result  since  Pullens'  mode  3  is  the 

mode  that  propagates  along  the  power  lines  with  the  least  attenuation. 

Recalling  the  discussion  of  section  2.2,  we  know  that  no  matter  vdiat  carrier 

coupling  method  is  used,  beyond  a  sufficient  distance  the  dominant  mode  of 

propagation  is  mode  3  (the  IEEE  mode  1).  One  other  point  should  be  noted 

here.  In  Table  2,  mode  3  has  the  factor  8  associated  with  the  center 

conductor  current.  Pullen  states  that  if  8  is  non-zero  an  induction  field 
1  2 

component  with  a  /r  dependence  will  result. 


Figure  6.  The  induction  field  strength  at  ground  level  for  a  horizontally 

disposed  three-phase  line  at  a  height  of  20  m.  After  Pullen  (1975) 


4.2  Previous  Measurements 


Some  PL C  radiation  measurements  that  have  been  made  by  others  will  be 
briefly  described  here.  The  earliest  measurements  we  found  were  those  by 
Gronlie  (1956).  Somewhat  later,  Jones  (1965)  made  measurements  of  PLC  field 
strength  over  a  19  mi  (30.6  km)  length  of  line  in  Ontario,  Canada.  in  his 
paper  he  presents  measured  field  strengths  along  both  longitudinal  and 
transverse  paths  for  283  kHz.  He  also  measured  the  "end-fire"  effect  behind 
the  transmitter  and  the  effects  of  a  fault  placed  several  miles  from  the 
transmitter  end  of  the  line.  Jones  concludes  his  paper  with  a  deduction  of  a 
zone  of  influence  about  a  power  line  carrying  PLC  signals.  His  zone  is 
defined  as  that  region  where  the  PLC  signals  could  be  strong  enough  to 
interfere  with  aeronautical  navigation.  He  also  suggests  that  the  potter 
utilities  and  aeronautical  radio  services  coordinate  their  frequency  use  so 
that  the  zone  of  influence  for  a  PLC  link  and  the  service  area  of  a  radio 
beacon  do  not  overlap  for  any  particular  channel  or  frequency. 

Some  interesting,  but  limited,  measurements  are  presented  by  Jensen 
(1972).  The  interesting  aspect  of  his  paper  is  that  he  makes  some  comparisons 
of  predictions  from  theory  and  measured  data.  His  comparisons  essentially 
confirm  the  predicted  lateral  dependence  for  various  line  geometries  and 
coupling  methods. 

The  most  extensive  and  recent  measurements  were  made  by  the 
Telecommunications  Laboratory  of  Electricite  de  France  (1978).  Me  obtained  a 
translation  of  a  portion  of  that  report  from  the  FAA.  In  Appendix  V  of  the 
report  is  a  large  amount  of  PLC  radiation  data  for  a  wide  variety  of 
conditions.  The  conditions  include  the  line  configuration,  carrier  frequency, 
ground  conductivity,  carrier  coupling  method,  etc.  Radiation  from 
transformers  and  the  effects  of  parallel  or  crossing  lines  and  of  towers  are 
also  examined. 


4.3  Measurements  Over  TV A  Power  Lines 

With  the  assistance  of  the  Tennessee  Valley  Authority  (TVA)  and  FAA' s 
National  Aviation  Facilities  Experimental  Center  (NAFEC) ,  we  took  measurements 
of  the  PLC  field  strength  over  two  of  TVA's  power  lines.  In  this  section  we 
will  describe  the  measurement  technique,  the  choice  of  power  lines,  coupling 
methods,  the  PLC  test  signals  that  were  injected  into  the  lines,  and  the 
resulting  measured  field  strengths. 

18 


While  we  were  making  airborne  measurements  of  the  field  strength  of  the 
PLC  test  signals,  the  TV A  conducted  a  few  measurements  of  their  own.  Those 
measurements  were  of  the  field  strength  at  the  ground  level.  The  TVA 
measurements  are  described  in  Appendix  C  of  this  report.  The  aircraft  used 
was  an  FAA  flight  inspection  aircraft  ( see  Figure  8)  equipped  with  a  variety 
of  avionics  and  a  general-purpose  spectrxsn  analyzer/ data  recording  system. 

One  great  advantage  of  this  particular  system  is  that  it  is  interfaced  with 
the  aircraft  inertial  navigation  system  (INS).  This  means  that  data  such  as 
the  location  (latitude  and  longitude),  heading,  and  ground  speed  could  be 
recorded  at  essentially  the  same  time  as  the  signal  level  data  were  being 
recorded . 

The  aircraft  is  equipped  with  dual  ADF  radio  compass  systems  with  an 
independent  set  of  antennas.  This  provided  the  opportunity  to  use  one  of  the 
ADF  sense  antennas  to  make  the  desired  measurements.  This  equipment  and  a  few 
additional  items  form  the  measurement  system  that  we  used.  This  system  is 
shown  in  block  diagram  form  in  Figure  9.  'ftien,  in  Figure  10,  a  photograph  of 
the  belly  of  the  airplane,  the  two  ADF  sense  antennas  can  be  seen.  This  type 
of  antenna  is  sometimes  called  a  "tee"  antenna.  It  is  essentially  a 
top-loaded  vertical  stub;  that  is,  the  horizontal  wire  is  the  electrical 
top- load ing . 

For  our  purposes,  it  would  be  most  informative  to  measure  the  actual 
field  strength  of  the  PLC  signal.  To  do  so,  however,  we  must  calibrate  the 
aircraft  and  receiving  system  as  a  unit.  This  is  because  the  only  thing  we 
can  really  measure  is  the  signal  level  present  at  the  antenna  terminals  (a 
voltage  or  power) .  So,  the  calibration  we  seek  is  a  relationship  between  the 
field  strength  ( in  voits/meter)  external  to  the  aircraft  and  the  received 
signal  Level  as  observed  with  the  spectrum  analyzer  (in  watts).  This,  in 
itself  is  no  trivial  exercise.  A  brief  description  i6  given  below  and  more 
detail  on  this  procedure  may  be  found  in  Appendix  B  of  this  report. 

In  order  bo  perform  the  aircraft  calibration,  a  known  electric  field  is 
needed  through  which  the  aircraft  can  be  flown.  This,  in  effect,  is  the  crux 
of  the  calibration  procedure.  The  known  field  was  obtained  by  identifying 
several  suitable  NDB's,  then  measuring  the  ground  level  field  strengths  with  a 
calibrated  field  strength  meter,  and  lastly,  predicting  the  field  strength  at 
some  fixed  altitude  in  the  airspace  above  the  beacons.  An  ideal  beacon  for 
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this  procedure  is  one  that  has  a  circularly  symmetric  (vertical)  antenna,  no 
nearby  obstructions,  and  is  located  on  flat,  homogeneous  earth.  Of  course, 
ideal  beacons  are  impossible  to  find,  but  one  with  excellent  conditions  and 
two  with  reasonable  conditions  were  found  in  the  Texas  panhandle  and  Oklahoma, 
respectively. 

The  two  power  lines  that  were  chosen  for  the  PLC  radiation  measurements 
have  different  characteristics  and  features.  Both  lines  are  horizontally 
disposed  three-phase  transmission  lines  with  shield  wires  above  the  phase 
conductors.  The  relevant  characteristics  of  these  lines  are  listed  in  Table 
3,  below. 


Table  3  Characteristics  of  the  TV A  Bower  Lines 
Used  for  the  PLC  Measurements 


LINE 

GREAT  FALLS  -  SPRING  CITY 

JOHNSONVILLE  -  CUMBERLAND 

Voltage 

Terrain 

Tower  Type 

Span  Length 

Line  Length 
Location 

PLC  Coupling 

161  kV 

Relatively  Rugged 

Wood  Pole 

Variable 

About  72  km 

80  km  N  of  Chattanooga 
Center  Phase-to-Ground 

50  0  kV 

Relatively  Level 

Steel  Structure 
Relatively  Constant 

About  48  km 

100  km  W  of  Nashville 
Phase- to-Phase 

For  each  line,  several  test  configurations  are  specified  and  for  each 
configuration  a  set  of  flight  paths  over  which  measurements  are  taken  are  also 
specified.  The  test  conf igurations  are  shown  schematically  in  Figure  11. 

Then  in  Figure  12,  we  show  a  generalized  set  of  flight  paths,  some  combination 
of  »*iich  are  used  for  each  configuration.  Each  particular  flight  path  or  set 
of  flight  paths  are  flown  at  a  constant  altitude.  Table  4  gives  the  set  of 
flight  paths  and  measurements  for  each  line  and  test  configuration,  and  a  key 
to  which  figure  contains  the  data.  Note  that  the  measured  signals  have  been 
normalized  to  1  W  of  injected  PLC  power. 

The  results  are  presented  in  two  ways.  The  grid  data  are  handled 
statistically  and  the  transverse  or  longitudinal  path  data  are  plotted  on  a 
graph  showing  the  field  strength  versus  the  percent  of  the  path.  This  means 
that  all  of  the  data  taken  along  a  particular  path  are  plotted  sequentially. 

It  *«s  planned  that  the  INS  Location  data  would  be  used  to  determine  the 
distance  along  the  line  for  the  longitudinal  paths  or  the  lateraL  distance 


JOHNSONVILLE  _  CUMBERLAND 


Figure  11.  The  test  configurations  for  the  two  TVA  power  lines. 
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set  cf  flight  paths  used  for  each  configuration 


Table  4.  Flight  Paths  over  which  PLC  Field  Strength  Measurements 

were  Made  for  each  Power  Line  and  Test  Configuration  (see  Figure  12). 


■V 
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FIELD  STRENGTH  (DBU/WATT) 


t 


Figure  13.  The  field  strength  on  a  longitudinal  path  at  about  400  ri  1~1312  ft) 
above  the  highest  point  along  the  Great  Fails  -  Spring  City  line 
for  configuration  I. 
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FIELD  STRENGTH  (08U/WATT) 


Figure  14.  Hie  field  strength  on  a  transverse  path  at  about  21  km  from  Spring 
City  at  about  810  m  (~2658  ft)  above  the  Great  Falls-Spring  City 
line  for  configuration  I. 
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FIELD  STRENGTH  CDBU/WATT) 


PERCENT  OF  PATH 


Figure  15.  The  field  strength  on  a  longitudinal  path  at  about  400  ra  (M312  ft) 
above  the  highest  point  along  the  Great  Falls  -  Spring  City  line 
for  configuration  II. 
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FIELD  STRENGTH  (DBU/WATT) 


3 


PERCENT  OF  PATH 


Figure  16.  The  field  strength  on  a  displaced  longitudinal  path  at 

about  400  m  < — ■  1312  ft)  above  the  highest  point  along  the 
Great  Falls  -  Spring  City  line  for  configuration  II.  The 
displacement  is  1.85  km  (1.0  n  mi)  north  of  the  line. 
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FIELD  STRENGTH  (DBU/WATT) 


I 

1 


PERCENT  OF  PATH 


Figure  17.  The  field  strength  on  a  longitudinal  path  at  about  390  m  (~1280  ft) 
above  the  highest  point  along  the  Johnsonvllle  -  Cumberland  line  for 
configuration  I. 


i 

i 
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PERCENT  OF  PATH 


Figure  18.  The  field  strength  on  a  longitudinal  path  at  about  820  m  (2690  ft) 
above  the  highest  point  along  the  Johnsonville  -  Cumberland  line 
for  configuration  II. 
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FIELD  STRENGTH  (DBU/WATT) 


PERCENT  OF  PATH 


Figure  19.  The  field  strength  on  a  transverse  path  at  about  15  Ion  from 
Johnoonville  at  about  590  m  (~1936  ft)  above  the 
Johnsonville-Cuavberland  line  for  configuration  II. 
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FIELO  STRENGTH  (DBU/WATT) 


Figure  20.  The  field  strength  on  the  same  transverse  path  as  Figure  19, 
except  flown  In  the  opposite  direction. 
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from  the  line  for  the  transverse  paths.  However,  due  to  software  or  interface 
problems  the  INS  location  information  was  not  recorded  properly  during  the  PLC 
radiation  measurements.  The  flight  paths  are,  however,  fairly  well-defined. 
Itie  longitudinal  path  data  begin  about  3  n  mi  (-5.6  km)  before  one  substation 
and  continue  to  about  the  same  distance  beyond  the  other  substation. 

At  the  same  time  the  airborne  measurements  were  being  made,  the  TV A  made 
some  ground-level  field  strength  measurements  of  the  PLC  test  signals  on  the 
power  lines.  These  measurements  are  described  and  presented  in  Appendix  C. 

4.4  Beacon  Signal  Reradiation 

In  order  to  test  the  hypothesis  that  a  power  line  may  reradiate  a  beacon 
signal  or,  at  least,  disrupt  the  wave  structure,  we  made  some  measurements  on 
an  NPB  located  very  close  (-1  km)  to  a  SQO  kV  power  line.  This  particular  NOB 
is  located  at  the  Sparta-White  County  airport  in  north  central  Tennessee  and 
operates  on  233  kHz.  Signal  level  data  were  taken  on  a  10  n  mi  < -18.5  km) 
radius  orbit  of  the  NDB.  A  holographic  technique  (Wieder,  1979)  was  then 
applied  to  the  data  to  locate  the  scatterers.  The  technique  draws  on 
holographic  principles.  In  holography  (and  related  technologies  such  as 
synthetic  aperture  imaging)  a  bias  signal  is  superimposed  upon  the  signal 
scattered  from  the  object  under  study  in  order  to  record  phase  and  amplitude 
information  in  the  scattered  signal  on  a  photographic  screen.  An  image  of  the 
3catterer  can  then  later  be  derived  by  illuminating  the  screen  with  a 
replicated  bias  wave.  Since  the  direct  wave  in  a  communications  system  can  be 
taken  as  equivalent  to  the  bias  wave,  and  spatial  variations  in  the  measured 
signal  as  the  interference  between  the  direct  (bias)  wave  and  signals  from 
scatterers,  it  should  be  possible  to  "image"  the  scatterers  throuah  a 
holographic  type  analysis  of  the  measurements. 

The  results  of  the  application  of  the  technique  to  the  Sparta-White 
beacon  indicate  that  the  power  line  is  an  insignificant  scatterer.  The 
t-errain  is  the  dominant  scatterer  and  the  effects  of  several  hills  and  ridges 
were  clearly  seen,  and  there  were  no  strong  scatterers  in  the  immediate 
•icinity  of  the  beacon.  Although  this  does  not  conclusively  prove  that  a 
power  line  cannot  act  as  a  scatterer,  it  provides  some  significant  support  for 
the  concept  that  the  terrain,  in  general,  has  the  most  significant  effect  on 
the  NDB  wave  structure. 
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5.  OBSERVATIONS  AND  CONCLUSIONS 


In  this  section  we  make  seme  observations  based  on  the  various 
measurements  that  were  made.  Using  some  of  these  observations  we  then  go  on 
to  describe  the  conditions  under  which  tha  PLC  systems  may  interfere  with  the 
ADF  radio  compass  systems.  In  addition  to  the  observations  and  conclusions 
concerning  the  compatibility  of  the  PLC  and  ADF  systems,  we  wish  to  comment  on 
the  good  and  bad  points  of  the  measurement  procedures  that  were  used  to 
collect  the  data  presented  in  this  report. 

One  important  consideration  must  be  emphasized:  this  work  cannot  be  used 
as  a  comprehensive  study.  The  observations  and  conclusions  presented  below 
are  based  on  the  data  we  collected  and  these  data  do  not  cover  all  the 
possible  environmental  and  geometric  conditions,  and  equipment  types  that  are 
in  use.  For  example,  we  used  only  two  of  the  many  available  ADF  receivers  and 
only  single-circuit,  three-phase,  horizontally  disposed  power  lines. 

5.1  Radio  Compass  Receiver  Susceptibility 

"  The  bearing  error  is  independent  of  frequency  in  the  200  to  400  kHz 
range  for  both  receivers. 

'  The  bearing  error  observed  on  the  B  receiver  was  more  dependent  upon 
the  absolute  undesired  (U)  signal  level  than  on  the 
undesired-to-desired  (U/D)  ratio.  Significant  hearing  errors  were 
observed  at  44  to  54  dBu  and  above  for  the  U  signal  level.  The 
desired  (D)  signal  level  ranged  from  30  to  60  dBu. 

*  The  bearing  error  observed  on  the  A  receiver  was  more  dependent  on  the 
U/D  ratio  than  absolute  signal  levels.  Significant  bearing  errors 
were  observed  at  about  4  to  10  dB  for  the  U/D  ratio.  The  D  signal 
level  ranged  from  30  to  60  dBu. 

"  Both  the  A  and  B  receivers  were  less  susceptible  to  the  interference 
from  the  U  signal  at  very  high  levels  of  the  D  signals. 


Little  or  no  bearing  error  was  observed  for  a  U  and  D  signal  frequency 
separation  of  3.5  kHz  for  the  B  receiver  and  2.0  kHz  fov  the  A 
rece iver . 


5.2  Power  Line  Carrier  Radiation 


In  this  section  we  make  some  observations  regarding  the  PLC  radiation 
measurements.  PLC  systems,  in  practice,  operate  with  injected  powers  that 
range  from  a  fraction  of  a  watt  to  tens  of  watts.  We  used  powers  of  20  and 
100  W  so  that  we  would  have  a  strong,  reliable  signal  to  measure.  These  high 
powers  are  not  meant  to  represent  typical  usage.  For  the  purpose  of 
comparison  to  other  measurements  or  predictions,  the  measurements  we  made  were 
normalized  to  1  W  of  injected  PLC  powe  a  convenient  reference  level.  Keep 
in  mind  that  what  is  measured  is  always  ( signal  +  noise)  so  that  where  the 
measured  data  appears  to  be  predominately  composed  of  noise  that  this  is  not 
the  true  noise  level,  due  to  the  normalization. 

There  is  about  5  to  10  dB  more  radiation  from  the  lower  frequency 
signal  (coupled  phase-to-ground  on  the  161-kV  line)  than  from  the 
higher  frequency  signal  (coupled  phase-to-phase  on  the  500-kV  line). 

*  The  transmitting  substation  shows  a  strong  peak  in  field  strength 
directly  above  the  substation  which  drops  10  dB  or  more  in  the  first 
few  kilometers  of  horizontal  distance  in  any  direction. 

*  The  transverse  runs  indicate  that  the  field  strength  decreases  with 

lateral  distance  at  the  rate  of  18  to  22  dB/decade.  This  represents  a 

' /x  dependence  for  the  field  strength. 

*  Comparison  of  the  results  in  Figures  15  and  16  indicate  that  the 

signal  directly  above  the  power  line  may  be  less  than  at  some  distance 

to  the  side.  The  transverse  runs  did  not  show  this  behavior.  The 
reason  may  be  that  the  field  is  not  vertically  polarized  directly 
above  the  line. 

’  Although  the  simulated  fault  was  located  such  that  it  would  have  a 
high  potential  for  radiation,  it  caused  little  (about  2  or  3  dB) 
Increase  in  the  radiated  fields  in  the  vicinity.  This  is  only  a 
single,  isolated  test  of  radiation  from  a  fault  and  the  conclusion 
should  not  be  considered  general;  but  we  feel  this  is  a  strong 
indication  that  any  fault  would  have  little  effect,  except,  perhaps  a 
fault  in  or  very  near  the  transmitting  substation. 
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*  The  highest  levels  of  field  strength  that  we  measured  were  about  40 
dBu.  These  are  in  good  agreement  with  the  field  strengths  that  Jones 
(1965)  and  the  Electricite  de  France  (1978)  measured. 

5.3  Interference  to  the  Radio  Compass 

The  conclusions  made  in  this  section  are  based  on  the  assumptions  that 
the  injected  PLC  power  is  1  W,  and  that  the  aircraft  is  located  about  4^0  in 
(-1312  ft)  above  the  transmitting  substation  (where  the  PLC  radiation  is  the 
greatest) . 

*  The  PLC  field  strengths  for  1  W  of  injected  power  are  not  sufficient 
to  affect  the  B  receiver  except  where  the  NDB  signal  (the  desired 
signal)  is  very  weak  (30  ^^m)  at  the  upper  end  of  the  NDB  band  (400 
kHz)  . 

*  Assuming  that  the  minimum  NOB  signal  (the  desired  signal)  is  36.9  dRu 
(70  ,JV/m)  ,  the  PLC  field  strengths  for  1  W  of  injected  power  are  not 
sufficient  to  affect  the  A  receiver. 

*  If  the  injected  PLC  power  was  increased  by  6  dB  ( to  4  W)  ,  the  point 
where  perceptible  interference  to  the  radio  compass  is  reached.  This 
is  true  for  the  locations  where  the  PLC  radiation  is  greatest. 

'  The  lateral  distance  dependence  of  the  PLC  field  strengths,  based  on 
our  measurements,  was  observed  to  be  no  more  than  -18  dB/decade.  The 
height  dependence  of  the  PLC  field  strength  may  be  the  same  as  the 
Lateral  distance  dependence  if  no  surface  wave  propagation  mode  is 
present.  However,  for  that  portion  of  the  PLC  signal  that  propagates 
as  a  surface  wave  there  will  be  very  little  decrease  in  field  strength 
with  height  for  those  heights  below  one  or  two  wavelengths,  then  it 
will  decrease  rapidly. 

*  The  holographic  scatter  technique  showed  that ,  in  one  case,  the  power 
line  causes  insignificant  roiadiation  of  the  NDB  signal.  This  should 
not  be  considered  as  a  broad  conclusion.  Further  study  is  recommended 
if  rerndiat  ion  is  to  be  understood  sufficiently. 


5.4  General  Summary:  The  Compatibility  of  Power  Line  Carrier 

and  the  Radio  Compass 

The  data  we  collected  could  be  used  to  predict  a  zone  of  incompatibility 
embodied  in  geographic  and  frequency  separations.  To  do  so,  one  must  make 
some  broad  and  conservative  assumptions  based  on  our  data. 

For  the  PLC  field  strengths:  the  lateral  distance  dependence  is  Vr. 

The  longitudinal  distance  dependence  can  he  obtained  from  the  measured  field 
strengths  on  the  longitudinal  paths.  The  vertical  distance  dependence, 
although  difficult  to  obtain  from  our  data,  could  be  assumed  to  be  Vr.  The 
relationship  between  the  field  strength  and  injected  power  can  be  taken 
directly  from  our  data. 

For  the  radio  compass:  A  frequency  separation  of  less  than  3.5  kHz  (or 
even  4  kHz)  would  cause  the  radio  compass  to  be  susceptible  to  interference. 
The  undesired-to-desired  signal  ratio  and  the  absolute  undesired  signal  level 
must  be  less  than  4  dB  and  44  dBu,  respectively. 

Radio  compass  errors  due  to  PLC  radiation  could  be  guarded  against  by 
defining  an  appropriate  zone  of  incompatibility.  Vie  do  not  feel  that  this 
definition  mould  place  unreasonable  restraints  on  PLC  power  or  spectrum  use. 

5.5  Experimental  Techniques 

'  The  receiver  susceptibility  measurements  provided  more  tnan  what  we 
needed  to  know  for  this  work.  It  was  sufficient  (and  efficient)  to 
have  made  laboratory  measurements.  It  vould  have  been  difficult  to 
assess  or  to  quantitavely  measure  the  ADF  bearing  error  using  actual 
PLC  signals.  The  area  where  some  improvement  to  the  measurements  can 
be  made  is  in  the  antenna  simulation  or  the  way  in  which  it  is  used. 

It  would  be  more  informative  to  be  able  to  arbitrarily  set  the 
direction  of  arrival  for  both  the  desired  and  undesired  signals. 

'  The  method  of  calibrating  the  measurement  aircraft,  although  somewhat 
cumbersome,  worked  well.  The  Perryton  site  gave  excellent  results  for 
the  ground-level  measurements  which,  in  turn,  lends  a  degree  of 
confidence  to  the  field  strength  extrapolation  procedure.  The  Alva 
and  Elk  City  sites  were  not  as  good.  It  is  very  important  that  the 
terrain  be  level  and  homogeneous. 
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'  The  problems  encountered  with  the  measurement  system,  both  software  and 
hardware,  are  the  cause  of  the  loss  of  about  half  of  the  data  and  the 
lack  of  good  INS  data  for  the  PLC  radiation  measurements.  The  tendency 
for  the  PLC  data  to  be  striated  for  smaller  receiver  bandwidths  was 
caused  by  the  measurement  system.  Any  field  system  should  be  very 
reliable  and  the  software  should  incorporate  a  variety  of  diagnostics  to 
ensure  continued  system  reliability  while  in  the  field. 

6.  ACKNOWLEDGMENTS 

The  author  wishes  to  acknowledge  the  Spectrum  Management  Branch  of  the 
Federal  Aviation  Administration  for  their  support  of  this  work.  Tn  particular, 
the  author  thanks  Mr.  Charles  Cram  for  his  assistance  with  the  development  of  the 
concept  and  his  continued  help  coordinating  the  various  parts  of  the  project. 

The  author  wishes  to  express  strong  appreciation  for  the  assistance 
provided  by  the  following  people: 

Dan  Jernigan,  Ted  Swingle  and  the  staff  of  the  Communications  Engineering 
Branch  at  the  Tennessee  Valley  Authority.  In  particular,  Herb  Dobson  for  his 
coordination  efforts;  Lawrence  Bryant  and  Bob  Bratton  for  their  help  in 
providing  the  test  PLC  signals;  Ieslie  iongmire  and  Sharon  Ogle  for  making  the 
ground-level  PLC  radiation  measurements. 

Edward  Sawteile,  James  Dong,  and  Wayne  Bell  of  the  National  Aviation 
Facilities  Experimental  Center  for  the  data  recording  system.  Ai  Barer,  Bob 
Powell,  and  Jess  Terry,  the  pilots,  for  their  precise  flying  of  the  specified 
flight  paths. 

Dick  Vaughn  of  the  FAA  Aeronautical  Center  for  engineering  the  radio 
compass  susceptibility  measurements,  and  Don  Wilson  and  Daryl  Hill  for 
performing  the  measurements. 

Leslie  Berry  of  the  Institute  for  Telecommunication  Sciences  for  his 
assistance  with  the  aircraft  calibration  procedures  and  LF  radio  predictions. 

Dr.  Bernard  Wieder  for  the  use  of  his  holographic  techniques.  Eric  Rehm  for  his 
painstaking  efforts  reducing  the  recorded  data. 

Last,  the  large  number  of  people  such  as  the  airport  managers,  the  radio 
engineers  responsible  for  maintaining  the  beacons  we  used,  and  Paul  Hopkins  and 
his  staff  at  the  Alabama  Power  Company  for  some  special  PLC  signal  scheduling. 


41 


7 .  REFERENCES 


Dobson,  H.  I.  (1979),  Private  communication,  Chairman  of  the  IEEE  Power  Line 
Carrier  Subcommittee,  Tennessee  Valley  Authority,  Chattanooga. 

Electricite  de  France  (1978),  An  experimental  study  of  the  electromagnetic 
field  caused  by  carrier-current-links,  Telecommunications  Laboratory, 
Appendix  V,  Translation  No  677  by  the  Library  of  the  Electricity  Supply 
Board,  Lower  Fitzwilliam  St.,  Dublin,  2,  Ireland. 

Gronlie,  L.  (1956),  High-frequency  transmission  along  power  lines,  ETT,  69, 
June,  pp  201-208. 

Jensen,  K.  Kolbaek  (1972),  Felder  von  Tragerfrequenzverb Lndungen  uber 
Hochspannungsleitunqen ,  ETZ-A,  Bd.  93,  H4,  pp  197-201. 

Jones,  D.  E.  (1965),  Power  line  carrier  radiation  from  high  voltage  lines, 
Ontario  Hydro  Research  Quarterly,  JJ7,  no.  3,  pp  10-16. 

Kayton,  M.  and  W.  R.  Fried  (1969),  Editors,  Avionics  Navigation  Systems,  John 
Wiley  and  Sons,  New  York. 

Perz,  M.  C.  (1964),  A  method  of  analysis  of  PLC  problems  on  three-phase  lines, 
IEEE  Transactions  on  Power  Apparatus  and  Systems,  83,  July,  pp  586-692. 

Pullen,  F.  D.  (1975),  The  calculated  electromagnetic  fields  surrounding 
carrier-bearing  power  line  conductors,  IEEE  Transactions  on  Power 
Apparatus  and  Systems,  PAS-94 ,  no.  2,  March/April,  pp  530-538. 

Ushirozawa,  M.  (1964),  HF  propagation  on  non-transposed  power  lines,  IEEE 

Transactions  on  Power  Apparatus  and  Systems,  8£,  November,  pp  1137-1142. 

Wedepohl,  L.  M.  (  1965),  Electrical  characters  sties  of  polyphase  transmission 
systems  with  special  reference  to  boundary  value  calculations  at  power 
line  carrier  frequencies,  Proc.  IEE,  112,  No.  11,  November. 


42 


REFERENCES 


continued 


Wedepohl,  L«  M.  and  R.  G.  Wasley  (1966),  Wave  propagation  in  multiconductor 
overhead  lines,  Proc.  IEE,  1 13 ,  NO.  4,  April. 


APPENDIX  A 


RADIO  COMPASS  RECEIVER  SUSCEPTIBILITY  DATA 


Contained  in  this  Appendix  are  the  data  collected  on  the  ADF  receiver 
susceptibility  to  the  presence  of  an  undesired  signal.  The  measurement 
procedure  is  described  in  Section  3  in  the  body  of  the  report.  The  Table 
below  gives  the  correspondence  between  the  measurement  number,  the  parameters, 
and  the  data  Tables  and  Figures  in  this  Appendix.  The  measurements  numbered 
1-10  are  for  the  case  where  the  desired  and  the  undesired  signals  arrive  from 
different  directions  and  those  numbered  11-15  are  for  the  case  vrtiere  the 
desired  and  undesired  signals  arrive  from  the  same  direction.  No  figures  were 
prepared  for  measurements  11-15  because  the  bearing  error  was  so  small. 


Undesired  Signal  Level  (dBu) 


Figure  A-l.  Measured  bearing  error  for  ADF  receiver  A  as  a  function  of  the 

undesired  signal  level  and  the  frequency  separation  Qf)  between 
the  desired  and  undesired  signals.  The  desired  signal  level  is 
40  MV/m  at  200  kHz  with  no  modulation.  The  undesired  signal 
is  unmodulated. 
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the  desired  and  undesired  signals.  The  desired  signal  level  is 
500  MV/n>  at  200  kHz  with  no  modulation.  The  undesired  signal 
is  unmodulated. 


Undesired  Siqncl  Level 


;ure  A-3.  Measured  bearing  error  for  ADF  receiver  A  as  a  function  of  the 

undesired  signal  level  and  the  frequency  separation  (Af)  between 
the  desired  and  undesired  signals.  The  desired  signal  level 
is  500  MV/m  at  200  kHz  with  tone  modulation.  The  undesired 
signal  is  unmodulated. 
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Figure  A-4.  Measured  bearing  error  for  ADF  receiver  A  as  a  function  of  the 

undesired  signal  level  and  the  frequency  separation  (Af)  between 
the  desired  and  undesired  elgnals.  The  desired  signal  level 
Is  1,000  W/m  at  200  kHz  with  no  modulation.  The  undesired 
signal  Is  unmodulated. 
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Figure  A-5.  Measured  bearing  error  for  ADF  receiver  A  as  a  function  of  the 

undesired  signal  level  and  the  frequency  separation  (&f)  between  the 
desired  and  undesired  signals.  The  desired  signal  level  is 
1,000  MV/m  at  200  kHz  with  no  modulation.  The  undesired 
signal  is  frequency  shift  keyed. 
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Figure  A-8.  Measured  bearing  error  for  ADF  receiver  A  as  a  function  of  the 

undesired  signal  level  and  the  frequency  separation  (Af)  between  the 
desired  and  undesired  signals.  The  desired  signal  level  is 
500  **V/m  at  400  kHz  with  no  modulation.  The  undesired  signal 
is  frequency  shift  keyed. 


Measured  bearing  error  for  ADF  receiver  A  as  a  function  of  the 
un desired  signal  level  and  the  frequency  separation  (Af)  between 
desired  and  undesired  signals*  The  desired  signal  level  is 
1,000  ^V/m  at  400  kHz  with  no  modulation.  The  undesired 
signal  is  unmodulated. 


Undesired  Signal  Level  (dB 


Measured  bearing  error  for  ADF  receiver  B  as  a  function  of  the 
undesired  signal  level  and  the  frequency  separation  (Af)  between 
the  desired  and  undesired  signals.  The  desired  signal  level  is 
500  MV/ffl  at  200  kHz  with  no  modulation.  The  undesired 
signal  is  unmodulated. 
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Figure  A-14.  Measured  bearing  error  for  ADF  receiver  B  as  a  function  of  the 
desired  signal  level  and  the  frequency  separation  (Af)  between 
the  desired  and  undesired  signals.  The  desired  signal  level 
is  1,000  4V/m  at  200  kHz  with  no  modulation.  The  undesired 
signal  is  unmodulated. 
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Figure  A-l 5.  Measured  bearing  error  for  ADF  receiver  B  as  a  function  of  the 

undesired  signal  level  and  the  frequency  separation  (Af)  between 
the  desired  and  undesired  signals.  The  desired  signal  level  is 
1,000  \>\!m  at  200  kHz  with  no  modulation.  The  undesired 
signal  is  frequency  shift  keyed. 


Undesired  Signal  Level  (dBu) 


Figure  A-16.  Measured  bearing  error  for  ADF  receiver  B  as  a  function  of  the 

undesired  signal  level  and  the  frequency  separation  (Af)  between 
the  desired  and  undesired  signals.  The  desired  signal  level  is 
30  MV/ a  at  400  kHz  with  no  modulation.  The  undesired 
signal  Ik  unmodulated. 


Figure  A-I7.  Measured  hearing  error  for  ADF  receiver  B  as  a  function  of  the 

undesired  signal  level  and  the  frequency  separation  (Af)  between 
the  desired  and  undesired  signals.  The  desired  signal  level  is 
500  M-V/m  at  400  kHz  with  no  modulation.  The  undesired 
signal  is  unmodulated. 


Undestred  Signal  Level  (dBu) 


Figure  A-18.  Measured  bearing  error  for  ADF  receiver  B  as  a  function  of  the 

undesired  signal  level  and  the  frequency  separation  (Af)  between 
the  desired  and  undesired  signals.  The  desired  signal  level  is 
500  MV/m  at  400  kHz  with  no  modulation.  The  undesired 
signal  is  frequency  shift  keyed. 
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ndesired  Signals.  The  Desired  Signal  Level  is  500  uV/m  at  200  kHz  wi 
o  Modulation.  The  Undesired  Signal  is  Unmodulated. 
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Table  A-6.  Measured  Bearing  Error  for  ADF  Receiver  A  as  a  Function  of  the  Undesired 
Signal  Level  and  the  Frequency  Separation  (/. f)  between  the  Desired  ana 
Undesired  Signals.  The  Desired  Signal  Level  is  30  yV/m  at  400  kHz  with 
No  Modulation.  The  Un desired  Signal  is  Unmodulated. 
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Measured  Bearing  Error  for  AD!'  Receiver  A  as  a  Function  of  the  Undesired 
Signal  Level  and  the  Frequency  Separation  (Af)  between  the  Desired  and 
Undesired  Signals.  The  Desired  Signal  Level  is  500  uV/m  at  400  kHz  with 
No  Modulation.  The  Undesired  Signal  is  Unmodulated. 


Table  A-8.  Measured  Bearing  Error  for  ADF  Receiver  A  as  a  Function  of  the  Undesired 
Signal  Level  and  the  Frequency  Separation  (Af)  between  the  Desired  and 
Undesired  Signals.  The  Desired  Signal  Level  is  500  uV/m  at  400  kHz  with 
No  Modulation.  The  Undesired  Signal  is  Frequency  Shift  Keyed. 


Table  A-9.  Measured  Bearing  Error  for  ADE  Receiver  A  as  a  Function  of  the  Undesired 
Signal  Level  and  the  Frequency  Separation  (Af)  between  the  Desired  and 
Undesired  Signals.  The  Desired  Signal  Level  is  1,000  _V/m  at  400  kHz 
with  No  Modulation.  The  Undesired  Signal  is  Unmodulated. 


Tablp  A— 10  .  Measured  Bearing  Error  for  ADF  Receiver  A  as  a  Function  of  the  Undesired 
Signal  Level  and  the  Frequency  Separation  (Af)  between  the  Desired  and 
Undesired  Signals.  The  Desired  Signal  Level  is  100,000  uV/m  at  400  kHz 
with  No  Modulation.  The  Undesired  Signal  is  Unmodulated. 
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Measured  Bearing  Lrror  for  ALF  Receiver  A  as  a  Function  of  the  Undesiri 
Signal  Level  and  the  Frequency  Separation  (Af)  between  the  Desired  and 
Undesired  Signals.  The  Desired  Signal  Level  is  1,000  gV/m  at  200  KHz 
with  No  Modulation.  The  Undesired  Signal  is  Unmodulated. 
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Table  A-19.  Measured  Bearing  Error  for  ADF  Receiver  B  as  a  Function  of  the  Undesired 


Table  A- 20.  Measured  Bearing  Error  for  ADF  Receiver  B  as  a  Function  of  the  Undesired 
Signal  Level  and  the  Frequency  Separation  (A f)  between  the  Desired  and 
Undesired  Signals.  The  Desired  Signal  Level  is  1,000  yV/ m  at  200  kHz 
with  No  Modulation.  The  Undesired  Signal  is  Frequency  Shift  Keyed. 
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Table  A-22.  Measured  Bearing  Error  for  ADF  Receiver  B  as  a  Function  of  the  Undesired 
Signal  Level  and  the  Frequency  Separation  (Lf)  between  the  Desired  and 
Undesired  Signals.  The  Desired  Signal  Level  is  500  pv/m  at  400  kHz  with 


Table  A-25.  Measured  Bearing  Error  for  ADF  Receiver  B  as  a  Function  of  the  undesired 


Table  A- 26.  Measured  Bearing  Error  for  ADF  Receiver  B  as  a  Function  of  the  Undesired 
Signal  Level  and  the  Frequency  Separation  (Af)  between  the  Desired  and 
Undesired  Signals.  The  Desired  Signal  Level  is  40  pV/m  at  200  kHz  with 


Table  A-29.  Measured  Bearing  Error  for  ADF  Receiver  B  as  a  Function  of  the  Undesired 
Signal  Level  and  the  Frequency  Separation  (Af)  between  the  Desired  and 
Undesired  Signals.  The  Desired  Signal  Level  is  30  pV/m  at  400  kHz  with 
No  Modulation.  The  Undesired  Sicnal  is  Unmodulated. 


Table  A- JO.  Measured  Bearing  Lrror  for  ADF  Receiver  B  as  a  Function  of  the  Undesired 
Signal  Level  and  the  frequency  Separation  (£f)  between  the  Desired  and 
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MEASUREMENT  AIRCRAFT  CALIBRATION 

B.1  Introduction  and  Ground-Level  Measurements 
One  portion  of  the  wcrk  covered  in  this  report  is  the  airborne 
measurement  of  the  field  strength  of  PLC  signals  to  be  made  over  power 
lines.  The  measurement  of  the  actual  field  strength  external  to  the  aircraft 
required  the  calibration  of  the  aircraft/receiving  system  as  a  unit,  The 
receiving  system  used  is  a  spectrum  analyzer  with  a  microprocessor  controlled 
data  storage  system;  see  subsection  4.3  for  a  more  detailed  description  of  the 
receiving  system. 

The  purpose  of  the  aircraft  calibration  is  to  obtain  the  relationship 
between  the  measured,  received  signal  level  at  the  spectrum  analyzer  (in  watts 
or  dBm)  and  the  actual  field  strength  ( in  volts/meter  or  dBu)  external  to  the 
aircraft.  To  do  this,  a  known  field  was  obtained  by  locating  several  suitable 
NDB's,  then  measuring  the  ground-level  field  strength,  and  lastly,  using  the 
ground-level  data  to  infer  the  radiated  power  and  ground  constants,  predicting 
the  field  strength  at  some  altitude  above  the  ground.  An  ideal  NDB  for  this 
calibration  procedure  is  one  that  is  located  on  perfectly  flat,  homogeneous 
earth  with  no  nearby  obstructions  and  has  a  circularly  symmetric  antenna 
pattern.  An  ideal  NDB  does  not  exist,  of  course;  hence  some  real  ones  must 
suffice.  Three  NDB's  that  come  as  close  as  is  reasonable  to  the  ideal 
conditions  were  found;  these  are: 

■  The  NDB  at  the  Perryton,  Texas,  airport.  This  NDB  is  located  over  very 
fiat  earth  that  appears  to  be  fairly  homogeneous.  The  antenna  is  not  as 
symmetric  as  desired  and  has  9ome  nearby  obstructions;  but  it  is  a  very 
short,  horizontal  wire.  The  frequency  of  this  NDB  is  266  kHz. 

*  The  NDB  at  the  Alva,  Oklahoma,  airport.  This  NDB  is  located  over 

relatively  flat  earth  that  appears  to  be  reasonably  homogeneous.  The 
antenna  is  situated  in  an  open  and  unobstructed  part  of  the  airfield  and 
Is  a  top-loaded  vertical  wire.  The  frequency  of  this  beacon  is  203  kHz. 


The  NDB  at  the  Elk  City,  Oklahoma,  airport.  This  NDB  is  located  on  and 


is  surrounded  by  slightly  rolling  plains.  Since  there  is  some  drainage 
in  the  area,  the  earth  is  probably  somewhat  inhomogeneous.  The  antenna 
is  a  top- loaded  vertical  wire  with  a  small  amount  of  local  obstruction. 
The  frequency  of  this  beacon  is  241  kHz. 

Ground- level  field  strength  data  were  taken  at  each  of  the  three  NDB 
sites.  These  data  were  taken  along  two  carefully  chosen  radials  for  each 
beacon.  Sufficient  data  points  are  needed  to  define  the  slope  and  the 
intercept  of  this  field  strength  versus  distance  line.  These  two  values  can 
then  be  used  to  infer  the  ground  constants  and  the  radiated  power  of  each  NDB 
along  each  radial.  The  ground-level  field  strength  data  are  given  in  Table 
n-1 . 


9.2  The  Field  Intensity  and  structure  at  Non-Zero  Heights 
In  general,  the  electromagnetic  field  radiated  from  a  short,  vertical 

antenna  Located  on  a  smooth  plane  earth  is  vertically  polarized,  the  field 

* 

strength  is  (Berry,  1978  ) 


9.487. 


E(d) 


S/r 


A(  z) 


V/m 


(B-l) 


where  P  is  the  effective  radiated  power  in  watts  and  A( z)  is  the  flat  earth 
attenuation  function.  The  geometrical  parameters  used  are  defined  in  Figure 
B-1 . 

RCVR 


XMTR  1 

? 

tH 

► 

] . 

■  •  // 

U - d - - — 

<T,f 

Figure  B-1  Geometric  parameters  used  to 
calculate  the  non-direct.ional 
beacon  field  strength. 
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13.12  47.6  15.19 

14.49  46.5 


the  flat  earth  attenuation  function  ie 


2 

A(  z)  -  [l  -  Rq  6  ez  erfc(z)J,  <B-2) 


where  &  is  the  surface  impedance  of  the  ground,  given  by 


6  = 


v/n  -  l  /n 

^/n  -  l 


for  vertical  polarization, 
for  horizontal  polar ization , 


(B-3) 


and 


1.8( 10) 'a 


n  *  «  -  i 


(n-4) 


where  a  is  the  ground  conductivity  in  mhos/m  (siemens/m),  «  is  the 
permittivity  of  the  ground  relative  to  that  of  free  space,  and  f  is  the  radio 
frequency  in  kilohertz.  The  other  parameters  involved  are 


Ro  *  eA  w/4^  irkD/2  , 

0  =  Vd2  +  < ht  -  h2)2 


(R-M 


(B-6) 


k  »  2ir/A  =  2irf/c,  where  A-  f/c  is  the  free  space  wavelength. 


.h'  *  VI 

<5D  J 


(B-7) 


and  erfc  ( z)  is  the  complementary  error  function  ( Abramowitz  and  Stegun, 
1964).  All  units  are  MKS,  unless  noted  otherwise. 

Inspection  of  equations  B-1  through  B-7  shows  that  the  following 
parameters  must  be  known: 


Radio  system  parameters:  radio  frequency,  f,  and  effective  radiated 
power,  P. 

Geometrical  parameters:  antenna  heights,  h^  and  h^,  and  path  length,  d. 
Ground  parameters:  conductivity,  c,  and  relative  dielectric  constant,  *  . 
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Since  o  is  the  usually  greater  than  10~3  and  «  is  the  order  of  10,  equation 
B-4  shows  that  the  exact  value  of  t  is  unimportant  for  frequencies  less  than 
400  kHz  -  the  value  of  n  is  controlled  by  the  ground  conductivity  cr. 


The  antenna  heights  and  path  lengths  are  independent  variables  when 
calculating  the  field  structure.  The  two  remaining  parameters,  P  and  o,  can 
be  determined  from  measurements  made  on  the  ground  along  a  radial  from  the 
transmitter.  Ttie  measured  field  strengths  are  plotted  in  decibels  as  a 
function  of  distance,  and  a  straight  line  is  fitted  to  the  points.  The  slope 
of  the  line  determines  the  ground  conductivity,  o,  and  the  value  of  the  line 
at  1  km  determines  the  radiated  power  P. 


At  distances  sufficiently  far  from  the  transmitting  antenna,  the 
curvature  of  the  earth  must  be  taken  into  account.  Then  (Fock,  1965;  Wait, 
1 964 ) 


E  =  9.487 


-i3-rr/4 


2  sin# 


/, 


■ixt 


FI(q,t)  dt 


(9-8) 


where  a  Is  the  radius  of  the  earth,  6  =  d/a. 


v  =  (ka/2)1//3  ,  x  =  v#,  and  q  =  -iv  6  .  (B-9) 

The  contour  I  comes  from  so  to  on  a  straight  line  with  a  slope  of  -1  to 

( He ( tQ 1  -  i/2  Tm( tQ) )  and  then  proceeds  on  a  straight  line  with  slope  +1  to 
ao  e~^31T//^.  tQ  is  the  first  pole  of  F  (q,t).  Re  designates  the  "real  part 
of"  and  Im  designates  the  "imaginary  part  of".  Here 

H  (h^  H  (h,) 

F_( q,t)  = _ ^ _  ( B-10 ) 

tym 

- q 

W,(t) 

The  height  gain  functions  are 

'Yt  -  y) 


H,(h) 


<t-i  n 


and 


H2(h)  =  -.5i<jw2(r  -  y)  [w^U)  -  qW^t)]  (B-12) 

-w^t  -  y)[w2'(t)  -  qw2(t)]| 

where  y  =  kh/v.  Note  that  H^O)  =  H2(0)  =  1.  The  functions  WR(t)  are  Airy 
functions  (Wait,  1964) ,  which  satisfy 

W’  ( t)  =  tw  (t)  .  (  B- 1 3 1 

n  n 

The  only  parametei'  required  to  evaluate  B-P  that  is  not  required  for  P-1 
is  the  radius  of  the  earth,  a,  and  this  is  known.  Thus,  B-8  can  he  used  to 
extrapolate  measurements  made  near  the  transmitter  to  much  greater  distances, 
assuming  that  the  ground  conductivity  does  not  change  as  we  move  away  from  the 
transmitter . 

Computer  programs  exist  for  evaluating  equations  B-1  and  B-8  (Berry, 

197b  ) .  The  computer  proqrams  have  been  validated  by  comparison  with  the 
standard  COIR  curves  ( CCIR,  1970)  with  Federal  Communications  Commission 
methods  developed  originally  by  Norton  (1941). 

B.1  Flight  Paths  and  the  Calibration  Constant 

There  are  two  basic  flight  path  types:  radials  and  orbits.  By  flying 
the  radials  both  inbound  and  outbound  and  the  orbits  both  clockwise  and 
counter-clockwise,  we  were  able  to  determine  that  the  direction  of  signal 
arrival  at  the  aircraft  had  no  effect  on  the  received  signal  level .  The 
desired  flight  paths  are  shown  in  Figure  B-2.  Note  that  for  the  largest  two 
orbits,  data  are  taken  only  over  two  arcs  of  each  orbit.  Figure  B-3 ,  is  a 
plot  of  the  actual  flight  paths  for  the  Perryton  NDR.  These  paths  we: e 
developed  from  the  TNS  data. 

The  received  signal  level  in  dBm  was  recorded  along  the  designated  f l ight 
paths  for  each  of  three  beacons.  Figvures  B-4  through  B-1 1  are  the  data  foi 
the  radial  flight  paths.  On  these  graphs,  we  have  plotted  the  received  signal 
level  versus  the  distance  from  the  beacon.  A  logarithmic  curve  was  then 


An  unpublished  Technical  Memorandum:  Berry,  L.A.  (1978),  User's  guide*  to 
low-frequency  radio  coverage  programs,  OT-TM  78-274.  National 
Telecommunications  and  Information  Administration,  Boulder,  CO. 
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1 

fitted  through  the  data.  Table  B-2  gives  the  constants  calculated  for  the 
logarithmic  curve  along  with  some  associated  parameters.  The  equation  that 
represents  the  logarithmic  curve  is 

S  =  A  Log10  d  +  B 

where  S  =  the  received  signal  level  in  dBm 
and  d  =  the  horizontal  distance  from  the  NDB  in  km. 

Last,  in  Table  R-3  .ire  the  signal  statistics  for  the  remaining  flight  paths — 
the  orbits  and  the  arcs. 
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Figure  R-3.  The  actual  calibration  flight  paths  for  the  Perrvton 
taken  from  the  INS  data. 
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SIGNAL  LEVEL  (DBM) 


signal  level 


SIGNAL  LEVEL  (DBM) 


SIGNAL  LEVEL  (DBM) 


56.0 


DISTANCE  FROM  NDB  (KILOMETERS) 


Figure  R-7 .  The  received  signal  level  versus  distance  for  the  128° 
at  Perry ton. 
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Figure  B-8.  The  received  signal  level  versus  distance  for  the  61°  radial 
at  Alva. 
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APPENDIX  C 


GROUND-LEVEL  MEASUREMENTS  OF  POWER  LINE  CARRIER  RADIATION 

Duri.no  the  time  that  we  and  the  FAA  were  making  the  PLC  radiation 
measurements  (section  4.3)  over  the  power  lines,  TV A  made  some  observations  of 
the  field  strength  at  the  qtound  level.  The  TVA  measurements  were  made  with  a 
calibrated  field  strength  meter  using  a  15  in  (38. 1  cm)  loop  antenna  mounter) 
on  the  roof  of  an  automobile. 

All  of  these  measurements  ( Fiqures  C-1  through  C- 3)  essentially  indicate 
that  the  field  strength  decreases  with  Lateral  distance  with  a  1  r  dependence. 

The  configurations  are  described  by  Figure  11  and  12,  and  the  siqnal 
levels  have  been  normalized  to  1  W  of  injected  PLC  power. 
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Figur?  0-1.  Ground-level  field  Ktrenp/o  neasurene'.fs  for 
Spring  City  line,  <~onf  igur  > r  i  ■n  T. 


Ground-level  field  strength  measurements  for  the  Great  Falls  - 
Spring  City  line,  configuration  III,  at  S.O  km  from  Spring  City 


-level  field  strength  measurement 
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GLOSSARY  AND  DEFINITIONS 


automatic  direction-f indinq 
amplitude  modulation 
continuous  wave 
desired 

decibels  above  1  ^V/m 
Federal  Aviation  Administration 
Federal  Communications  commission 
frequency  shift  keying 

Institute  for  Electrical  and  Electronic  Engineers 

inertial  navigation  system 

low  frequency  (30-300  kHz) 

modulated  continuous  wave 

medium  frequency  (300-3000  kHz) 

National  Aviation  Facilities  Experimental  Center 

non-directional  beacon 

power  line  carrier 

radio  frequency 

Tennessee  Valiev  Authority 

undesired 
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